ing crop water use. Monteith (1965) showed that transpiration rate physically depends on relative changes of surface tempera-E stimation of plant water status provides a basis ture and r a . He concluded that r a depends on Reynolds for more efficient irrigation management. There number of air and can be determined from wind speed, are several different methods of estimating plant water characteristic length of plant surface, and the kinematic status, e.g., leaf water potential, leaf or canopy temperaviscosity of air. For Reynolds numbers between 10 3 and ture, or r c (Stewart, 1984) . Of these methods, one of 3 ϫ 10 3 , r a ranges between 20 to 2 s m Ϫ1
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Ϫ1
. From field the least explored terms has been canopy resistance. studies, he found barley (Hordeum vulgare L.) r c inCanopy resistance represents a bulk resistance to water creased from 30 s m Ϫ1 in mid-June to 70 s m Ϫ1 at the end of July. During this period, total LAI decreased vapor or mass transfer from the collection of leaves. from 10 to 6. The increase of r c was caused by a decrease Canopy resistance was proposed by Monteith (1965) as in total leaf area, by an increase in the resistance of an expansion of the energy balance equation to more individual leaves due to senescence, or by a combination closely link the biological factors with meteorological of both effects. He also revealed that an increase of conditions. An examination of the Penman-Monteith Sudan grass (Sorghum hordense L.) r c was related to an equation shows the direct relationship between evapoincrease of stomatal resistance in leaves that had transpiration (ET) and canopy resistance as depicted in reached maturity. with an increase of surface resistance when transpiration rate decreases. The decrease of resistance after sunrise methods of measuring canopy resistance and concluded shows a slow opening of stomata in response to increasthat they all agreed closely when applied to different ing irradiance (R n ); or an increase of permeability in species. They also found that when actual ET was equal plant roots as the soil warms near the soil surface.
to potential ET, the canopy resistance for alfalfa was Sharma (1984) Hatfield (1985) determined canopy resistance using water with 0.56 dS m Ϫ1 was applied using basin system when energy balance techniques and found that canopy resissoil water was reduced to 50% of available water, and analyses tance obtained under optimal ASW did not decline of the water are shown in Table 2 .
gradually with increasing solar radiation (Ͼ0.5 MJ m creasing plant water stress. Idso et al. (1981) showed that infrared thermometry was a useful measurement , was computed radiation. These thermocouples were moved as the canopy from the top of the canopy height, h c , to the reference height, developed to obtain leaf temperature data in fully expanded z, based on Alves et al. (1998) as: leaves in direct sunlight. This approach was used because of the lack of infrared thermometers for the large number of treatments in this study. Soil temperature and soil heat flux
were measured with two soil CS108 temperature probes (Campbell Scientific Inc., Logan, UT) and HFT-3 heat flux plates placed 0.1 m below the soil surface. To measure soil where z is the reference height (m) of measurement of air temvolumetric water content, a CS615-L water content reflectomperature, wind speed, and water vapor; h c the crop height (m); eter (Campbell Scientific Inc., Logan, UT) with two parallel d the displacement height (m); z o the roughness height (m); rods of 30 cm long was inserted at a depth of 30 cm. The k the von Karman's constant (0.41); and u the wind speed datalogger was programmed to collect 30-min and hourly aver-(m s Ϫ1 ). Values for roughness and displacement height were ages of weather (air temperatures, relative humidity, R n , and assumed to be 0.13 and 0.67 of canopy height, respectively, wind speed), soil (volumetric soil water content, soil temperafor the potato crop and were assumed to be applicable in this ture, and soil heat flux), and plant (canopy temperature) data.
canopy shape. Data collection commenced the day after planting and continSurface resistance, r s , in s m
, was determined by rearrangued until harvest for both seasons.
ing Eq.
[4] and solving as: Plant measurements for the study were height and leaf area. Canopy height was measured from the ground surface to the
upper most expanded leaf once a week. Leaf area was measured using a planimeter. Leaf area index was determined by dividing area of plant leaves per projected area of an individual Canopy resistance (mean stomata resistances of crop), r c , plant. Two replicates and three plants from each replicate in s m Ϫ1 , can be determined by dividing r s by effective LAI were sampled for height and leaf area measurements.
as defined by Szeicz and Long (1969) , Denmead (1984) , and To study the effect of soil solution salinity (electrical con- Hatfield and Allen (1996) . For well-watered crops, canopy ductivity, EC) on canopy resistance, five plots of early growing resistance, r c , in s m Ϫ1 , can be estimated as follows: potato (two replicates, 2 by 2 m) were irrigated with different saline of water using basin system (0.6, 1.1, 2.3, 3.5, and 4.6
dS m Ϫ1 ) until the end of both growing seasons. At noontime on day of year (DOY) 333 in winter 2001 and DOY 107 in where LAI is in m 2 m Ϫ2 . This approach was verified in this spring 2002, both plant and energy balance measurements study by comparing measured stomatal resistance values with were taken from the plot area. On those days, soil water in root zone for 30-cm soil surface depth and two samples of the a porometer to estimated r c values from Eq.
[7] at several treatments was extracted using ceramic cups after 24 h of times during the season and soil salinity treatments. Canopy irrigation. Then, soil solution was measured using EC meter.
resistance is a calculated value based on the energy balance The average of soil solution EC for 30 cm of surface soil depth components and represents the sum of the errors within each was around 0.92 dS m Ϫ1 at the beginning of both experiments.
parameter; however, within this study, we estimated the error to be Ϯ15% for the range of conditions encountered.
Estimation of Canopy Resistance

RESULTS AND DISCUSSION
The surface energy balance for crop has been expressed (Jackson, 1982) as:
Crop Growth and Meteorological Conditions
[2] Canopy height and LAIs were different between the fall and spring growing seasons (Fig. 1) , was determined as described by Jackson (1982) as:
where T a and T s are the air and surface temperatures in ЊC, respectively. Latent heat flux, E, in MJ m Ϫ2 s Ϫ1 , was determined using the equation described by Jackson (1982) as:
where r s is the surface resistance in s m Ϫ1 and e a and e s are the air and saturation vapor pressure at the leaf surface temperature in kPa, respectively. Surface resistance of dense crops cannot be obtained by normalize the difference in growing season length. The used to estimate the r cp during conditions of unlimited soil water availability, defined as ASW Ն 90%, using two plant parameters were expressed as polynomial functions for both winter and spring seasons (Fig. 1) .
Eq.
[6] and [7] . Canopy resistance determined from measurable canopy temperature varied diurnally (Fig. 2 ). Height and leaf area showed rapid increases in early growth stages. Leaf area decreased in maturity stage Under well-watered conditions, r cp values at noon were 20 s m Ϫ1 during winter and 10 s m Ϫ1 for spring conditions. because of senescing leaves in the lower part of the canopy. Vegetative growth was larger during winter,
The total error in this study was 15% of the average canopy resistance values and indicates that the differwhich had less radiation and shorter daylengths compared with the spring planting. Plant height increased ence between spring and winter conditions was different. The diurnal change of r cp during two typical days, more rapidly in the winter compared with the spring season (Fig. 1) . Maximum LAI was achieved near mid-DOY 333, representing winter conditions, and DOY 107 for spring conditions, shows that the minimum valpoint of the winter growing season but delayed until later in the spring season. Yields for the potato crop ues are present for 4 to 6 h per day (Fig. 2) . These potential r c values are similar to values reported for a averaged 24 t ha Ϫ1 , with the higher yields in the winter crop compared with the spring planting.
range of crops (Hatfield, 1985; Jackson, 1982; Szeicz and Long, 1969) . Air temperature varied throughout each day and among days depending on the intensity of solar radiation.
Leaf-Air Temperature Patterns
Leaf temperature for typical days under well-watered conditions is shown in Table 3 . Variations in meteoroLeaf-air temperature differences (T l Ϫ T a ) from 1130 logical factors, e.g., R n or vapor pressure deficit, which to 1230 h were used to represent noontime conditions are responsible for plant evaporation demand, affect when r c values were minimal over the two study periods canopy temperature. Leaf temperatures at midday un- (Fig. 3) . Values of T l Ϫ T a under the well-watered condider well-watered conditions were around 21ЊC for the tions showed differences of 1.0 to 1.5ЊC over the study winter period and 24ЊC for the spring period. Wind period, with the larger variation in the spring growing speed affects leaf temperature through the indirect efseason (Fig. 3) . There was good agreement (less than fect on r a (O'Toole and Hatfield, 1983) . Aerodynamic 0.2ЊC difference) between the two thermocouples within resistance values for the canopies were calculated via Eq. [5] , and values for z o and d were calculated as 0.13h and 0.67h, respectively for this study. Since these are fairly dense canopies, this approximation was considered acceptable for this study. These data were then to the depletion of soil water (Fig. 5) . The responwatered conditions for potato in the winter and spring environments.
siveness of r c to changes in the ambient conditions and soil water availability was evident throughout the growing season. The changes in r c throughout the growing the leaves in a treatment. This variation could be due season are in agreement with those found by Hatfield to wind speed differences as suggested by O'Toole and (1985) . Similar values for potato were reported by KjelHatfield (1983) . Seasonal averages of T l Ϫ T a for the gaard and Stockle (2001) based on their calculations of well-watered treatments were Ϫ1.7ЊC and Ϫ2.35ЊC in canopy resistance from energy balance observations. winter and spring, respectively. A comparison was made
Canopy resistance values gradually increased due to soil between the ratio of the actual T l Ϫ T a to values obtained water depletion throughout both seasons. Values of r c under the well-watered relative to soil water depletion exhibited consistency throughout the growing season (Fig. 4) . Inconsistencies of T l Ϫ T a over the study period with variation induced by soil and meteorological facwere caused by variations in relative humidity, wind tors. As the plants began to mature, the r c values began speed, and solar radiation. The relationship of T l Ϫ T a to increase; for the winter period, this was in the last with ASW showed differences with relative humidity, 20% of the growing season while in the spring season, wind speed, and R n . Segregating the data into both winthe last 15% of the growing season showed this response ter and spring seasons when LAI was greater than 2.5 (Fig. 5) . In maturity stage, r c increased due to leaf senesshowed the T l Ϫ T a values formed a linear relation cence and reduced ET by the maturing canopy as ex- (Fig. 4) with low correlation (r 2 ϭ 0.52). Due to low plained by Hatfield (1985) . correlation of T l Ϫ T a with ASW, canopy resistance that
The differences between the two growing seasons can be determined from weather and leaf measurements were related to the change in R n of the canopy and the was selected to be a more accurate method to quantify effect of canopy temperature. For well-watered condiwater stress in potato.
tions, r cp increased when R n increased (Fig. 6, 7 , and 8).
To examine the changes over the growing season, the
Canopy Resistance Patterns
season was divided into three parts to represent the early Thirty-minute canopy resistance values for the 1130-growth stages, the period of complete ground cover, to 1200-h and 1200-to 1230-h intervals were combined and the senescing portion of the season. For the early to form an average daily canopy resistance at noon. portion of the growing season and the full-cover part, Minimum values of canopy resistance (r cp ) during winter the values for r cp showed the same relationship for the were about twice of those during spring (Fig. 5) . Canopy spring and winter periods ( Fig. 6 and 7) ; however, for the resistance values responded to the drying of the soil and decreased rapidly once the plants began to cover the soil surface when LAI values increased above 1, and m Ϫ2 h Ϫ1 of R n in the winter season and 0.39 s m Ϫ1 per percentage ASW for 2 MJ m Ϫ2 h Ϫ1 of R n in the spring maturing stage of development, there was a separation season (Fig. 9) . Forming the ratio of r c to r cp to normalize between the winter and spring periods (Fig. 8) . At all the relationship of r c /r cp for the range of ASW between stages when R n was less than 0.2 MJ m Ϫ2 h
Ϫ1
, values of 50 and 90% created a unifying relationship for both canopy resistance increased rapidly, and values exseasons (Fig. 10) . This relationship could potentially be ceeded 150 s m Ϫ1 . There was a rapid decrease in r cp from used as an indicator to determine when to irrigate and 0.2 to 0.5 MJ m Ϫ2 h
. For all growth stages, r cp was how much water to apply. For example, a value of r c / related to R n in a power equation that was similar to that r cp ϭ 2 would represent 35% removal of ASW. If the achieved using solar radiation instead of R n by Denmead canopy resistance can be determined from weather and and Millar (1976) and Hatfield (1985) for wheat. The leaf measurements, then program control tables can be constant value in the equation increased when LAI dedeveloped to control irrigation times. This concept creased, but the power (Ϫ0.86) was almost the same.
would need to be tested relative to other methods for At 1 MJ m Ϫ2 h Ϫ1 of R n , r cp was 60 when LAI was less irrigation management for a range of soils and growthan 1 (Fig. 6 ) and decreased to 20 s m Ϫ1 when LAI ing seasons. was between 2.5 to 4 (Fig. 7) . During the maturity stage when LAI was 2.5 and R n was 1 MJ m Ϫ2 h
, r cp was
Soil Salinity Effects on Canopy Resistance
45 and 35 s m Ϫ1 during winter and spring, respectively (Fig. 8) . The power function obtained in well-watered As irrigation water applied with 0.6, 1.1, 2.3, 3.5, and conditions between r cp and R n could be used as potential 4.5 dS m Ϫ1 in potato field, average soil solution salinity reference to the actual canopy resistance, r c . Actual canfor 30-cm surface depth in root zone was increased to opy resistance obtained under deficit water and salinity 0.94, 1.72, 3.40, 5.20, and 6 .70 in winter and 1.04, 1.83, conditions could be used to manage irrigation systems 3.84, 5.14, and 6.45 in spring, respectively. Canopy resiswith different rates and intervals.
tance was affected by reducing soil water, and r c was also The relationship of actual canopy resistance, r c , with affected by the soil salinity, EC, when the soil solution ASW showed differences with R n (Fig. 9) . Segregating exceeded the threshold value of 1.75 dS m Ϫ1 and less the data into R n conditions of 1 and 2 MJ m Ϫ2 h Ϫ1 when than 7 dS m Ϫ1 (Fig. 11) . Canopy resistance linearly in-LAI was greater than 2.5 showed two distinct relationcreased with EC at a rate of 11.2 and 7.2 s m Ϫ1 per ships for winter and spring conditions (Fig. 9) . These 1 dS m Ϫ1 of EC for 1 and 2 MJ m Ϫ2 h Ϫ1 of R n , respectively. values for R n were selected because they were most The determined r c was correlated with the measurable prevalent of the conditions in each of the seasons for r c using r c values from Table 4 after adjusting via Eq. the midday period when r cp values were most consistent.
[7]. The correlation between these values was 0.95. By Canopy resistance values were similar in both seasons normalizing r c , as affected by soil solution EC, to the when ASW Ͼ 90% (Fig. 9) . Canopy resistance changed corresponding r cp , the relationship of r c /r cp during full- for the seasonal differences in R n for a wide range of R n ϭ 2 MJ m Ϫ2 h Ϫ1 , and r a ϭ 10.12 s/m.
ASW. The ratio could be effectively used as a parameter to automatically schedule irrigations using meteorologicover stages in winter coincided with that achieved in cal data combined with canopy temperatures. Canopy spring. The increase rate was 0.6 per 1 dS m Ϫ1 of EC resistance linearly increased by increasing soil solution for both growing seasons (Fig. 12) when salinity of soil salinity, EC, when salinity levels exceeded a threshold solution was greater than 1.75 dS m Ϫ1 . Changing canopy value of 1.75 dS m Ϫ1 in this work and confirmed the temperature was observed in cotton (Gossypium hiursuearlier results reported by Hanson et al. (1999) for potum L.) by Howell et al. (1984) . They showed that intato. A ratio of r c /r cp of 6 for use for potato irrigation creasing soil salinity changed the canopy temperature, scheduling covers both saline (5 dS m
Ϫ1
) and soil water and by inference, canopy resistance increased with salindeficit conditions (ASW of 65%). Canopy resistance ity, and the response was not detected in the leaf water can be an effective method for assessing crop water potential measurements.
needs under a range of soil water and R n conditions and To evaluate the potential for irrigation management could be used in automatic irrigation management under conditions of changing soil water and potential programs. saline conditions, a new ratio was developed using the rate of change in r c /r cp as a normalizing parameter. The
